Abstract
Introduction
Biomolecules are increasingly useful in the diagnosis of disease due to their known interactions in vivo. Diseases can be diagnosed or located by employing antibodies or antibody fragments that have been radiolabeled in combination with positron emission tomography (PET) [1] . However, labeling biomolecules such as peptides presents difficulties due to the number and diversity of the functional groups present. Direct incorporation of the short lived isotope fluorine-18 into biomolecules requires harsh reaction conditions which may destabilize sensitive biomolecules such as proteins, peptides, nucleotides, etc. [2] . In order to circumvent this difficulty, techniques for peptide labeling using prosthetic groups have been developed.
Prosthetic groups, also called bifunctional labeling agents, are small organic molecules that can be easily radiolabeled and then conjugated to sensitive biomolecules under very mild conditions. Generally, prosthetic groups target amines or thiols and in a very few cases carboxylic acids present in the biomolecule (Figure 1) . A wide choice of prosthetic groups is necessary to accomplish radiolabeling quickly and successfully as there is a range of biomolecules known in the literature.
Amines are the most abundantly available functional groups in peptides or proteins and so they are commonly used to conjugate small 18 
F-labeled bifunctional agents. N-Succinimidyl-4-[
18 F]fluorobenzoate ([ 18 F]SFB) is widely used for conjugation with primary amines at physiological conditions [3] - [6] . However, the synthesis of [
18 F]SFB is cumbersome, involving a laborious three-step process. Additionally, in some cases, the steric hindrance of N-terminal region of peptides has been known to cause threefold to fourfold lower radiochemical yields [7] - [9] . The unsuitability of amine reactive prosthetic groups for certain peptides has generated interest in developing thiol reactive prosthetic groups that promise to be more selective. Furthermore, thiol-reactive prosthetic groups react rapidly and require fewer equivalents of protein compared to amine reactive prosthetic groups [1] [10] . In addition to naturally occurring proteins containing cysteine residues, mutant proteins incorporating a single cysteine have been developed for labeling [11] . Numerous sulfur reactive prosthetic groups have been developed, that contain a maleimide unit which reacts with sulfur very rapidly and a pendant holding the radioactive isotope.
[ 
Results and Discussion
The preparations of the requisite maleimide precursor and the cold standard 7 of the title compound is described in the Figure 2 . tert-Butyl N- [6-hydroxyloxyl) oxy]carbamate, 2, was prepared according to the literature procedure [14] . The carbamate 2 was converted to the requisite bifunctional precursor 4 in two steps. The introduction of the maleimide group was accomplished via Mitsunobu reaction to obtain the maleimide derivative 3 in a 72% yield. Deprotection of the Boc group to obtain the precursor 4, in quantitative yield, was carried out using HCl/EtOAc. 2-Fluoronicotinaldehyde, 6, was prepared by the lithiation of 2-fluoropyridine, 5, using (trimethylsilylmethyl)lithium, followed by formylation with N-formylpiperidine. Condensation of 2-fluoronicotinaldehyde, 6, with maleimide precursor 4 in DMF provided the standard 7.
Radiosynthesis to obtain the title compound, 1, was performed in two steps both in a microreactor and in a vial starting from 2-bromonicotinaldehyde, 8 [ Figure 3 ]. Thus aldehyde 8 was allowed to react with azeotropically dried [
18 F]fluoride to generate 2-[
18 F]fluoropyridine-3-carboxaldehyde, 9, which was converted to [
18 F]FBAMPy, 1, by condensing with maleimide precursor 4 in the presence of methanolic-HCl. Precursor and isotope solutions are dispensed from storage loops on the NanoTek system by syringe pumps, pump 1 (P1) being the tracer precursor and pump 3 (P3) being the isotope solution. The operations of the NanoTek module have been further described in the literature [15] . Fluoride drying was performed in the concentrator module of the commercially available NanoTek system using drying macros. Azeotropically dried fluoride was dissolved in DMF. For both microfluidic and vial synthesis, the concentration of the precursor 8 is 4 mg in 1 mL of DMF. For microfluidic synthesis the optimum reaction parameters, utilizing the Discovery mode, were found to be T = 220˚C, combined flow rate = 90 µL/min, and P3:P1 ratio = 1:2. The incorporation yields at different flow rates are presented in Table 1 . The yields are in the range of 24% -53%. The microfluidic synthesis was completed by bubbling the solution from the reactor directly into a solution of 10 mg of the maleimide precursor 4 in methanol (1 mL) and 2N HCl (1 mL) in concentrator module 2, followed by heating the vial at 75˚C for 20 minutes.
Vial synthesis was performed by adding a solution of 2-bromonicotinaldehyde (4 mg in 1 mL DMF) to anhydrous fluoride in a vial and heating at 160˚C for 20 minutes. A 40% of incorporation of the isotope was observed. The condensation of labeled aldehyde 9 with the precursor 4 was accomplished under the same conditions as described previously. The final product was purified using semi-preparative HPLC followed by Sep-Pak separation to obtain the product in low boiling solvent for use in peptide labeling experiments. The identity of the product was confirmed by analytical HPLC and by co-elution with the standard (Figure 4 
Materials and Methods
All chemicals and solvents were purchased from Aldrich and Acros and used as received. 2-Fluoronicotinaldehyde was prepared according to a literature procedure [16] TN) . Radio thin-layer chromatography was performed with radiation detection using a BioScan AR-2500 radio-TLC reader and WinScan 1.3 software. SilicaTLC plates to test completeness of fluorination of 2-bromonicotinaldehyde were developed in ethyl acetate. Analytical radio-HPLC analyses were performed on an Agilent 1200 series instrument employing a 254 nm UV detector and a Phenomenex C-18 column, 5 µm, 4.6 × 250 mm, using a 80:20 mixture of acetonitrile: 0.1M ammonium formate. Microfluidic fluorine-18 labeling was performed in 100 µm × 2 m reactors using the Discovery mode of the Advion Nano Tek Microfluidic Synthesis System controlled by Nano Tek LF 1.4 Software. Samples were collected in plastic, capped sample vials upon exit from the reactor for analysis. Vial labeling was performed in a 5 mL tapered bottom vial containing 4 mg/mL precursor in 1 mL DMF following the addition of the entire loop of dried fluoride in DMF. 
2-Fluoronicotinaldehyde
(Trimethylsilylmethyl)lithium (34.6 mL 0.7M solution in hexanes; 24.2 mmol) was added to a three necked 100 mL round bottomed flask along with a magnetic stir bar, under argon purge. After cooling to −50˚C, a solution of 2-fluoropyridine/THF/diisopropylamine (1.5 mL; 20.6 mmol/25 mL/0.13 mL; 0.93 mmol) was added over ~1 min. After stirring for 3 h, N-formylpiperidine (2.35 mL; 21.2 mmol) was added. The solution was stirred overnight, while allowing solution to warm to room temperature, and then quenched with acetic acid/water (3 mL/7 mL). The aqueous layer was separated, washed with ether and the combined organic layers dried over anhydrous MgSO 4 and the solvent removed to give brown oil. The product was purified using flash chromatography (15% ethyl acetate/hexane) to give 0.833 g 2-fluoronicotinaldehyde (32.4%). 1 H NMR (250 MHz, Chloroform-d) δ 10.33 (s, 1H), 8.49 (m, 1H), 8.33 (m, 1H), 7.42 (m, 1H) .
1-(6-(Aminooxy)Hexyl)-1H-Pyrrole-2,5-Dione Hydrochloride
Triphenylphosphine (4.5 g; 17.2 mmol) was dissolved in THF (20 mL) prior to addition of diisopropyl diazene-1,2-dicarboxylate (4.16 g; 20.6 mmol) at 0˚C. Additional THF (15 mL) was added if a solid formed. This solution was stirred for 30 minutes followed by addition of tert-butyl (6-hydroxyhexyl)oxycarbamate (4.00 g; 17.2 mmol) in THF (15 mL) at −20˚C. Subsequently, maleimide (1.66 g; 17.2 mmol) was added under an argon purge and the reaction was stirred for 16 h while warming to room temperature. Purification was accomplished by flash chromatography, first employing a 20% ethyl acetate/hexane eluent followed by a second flash chromatography column with 1% methanol/methylene chloride eluent. Deprotection using HCl in ethyl acetate gave the desired product. 1 
2-Fluoronicotinaldehyde O-(6-(2,5-Dihydro-1H-Pyrrol-1-yl)Hexyl) Oxime (FBAMPy)
2-Fluoronicotinaldehyde (31 mg; 0.25 mmol) and 1-(6-(aminooxy)hexyl)-1H-pyrrole-2,5-dione hydrochloride (42 mg; 0.17 mmol) were separately dissolved in 1 mL DMF, then mixed, and stirred for 30 minutes. This solution was then diluted with water to form a white, cloudy solution which was extracted with diethyl ether. The solution was washed with water and then concentrated to yield the product as a colorless oil. This sample was used for spectroscopy and elemental analysis as well as an authentic sample for coinjection verification. 
Microfluidic Radiosynthesis of [ 18 F]FBAMPy
Cyclotron produced fluoride (~50 mCi) was trapped on a QMA cartridge and eluted with a tetraethylammonium bicarbonate solution and dried azetropically using the drying macro of the Advion Nano Tek System. Anhydrous fluoride was dissolved in dry DMF (0.5 mL) and loaded into a loop on pump 3. A solution of 2-bromonicotinaldehyde (2 mg in 0.5 mL of DMF) was loaded into a loop on pump 1. Using the batch mode, the reagents were allowed to react in a micro-reactor (2 m × 100 μ) at 220˚C with a combined flow rate of 90 μL/min. The labeled product, 2-[ 18 F]fluoronicotinaldehyde, from the reactor was delivered to a vial, in the second concentrator module, containing the precursor 4 (10 mg in 0.5 mL of methanol and 0.5 mL of 2N HCl). The resulting mixture was stirred at 75˚C for 20 min. The reaction mixture was diluted with water (10 mL) and passed through C 18 Sep-Pak cartridge and the crude product was eluted with acetonitrile (2 mL). Semipreparative HPLC purification was performed using a Luna C 18 column, 5 μ, 10 × 250 mm; 4 mL/min. (A: CH 3 CN, B: 0.1 M ammonium formate; 0 -5 min 40% A and 60% B; 5 -15 min 30% A -70% B; 15 -30 min 70% A -30% B). The fraction between 25 -26 min was collected and diluted with water (10 mL) and passed through C 18 Sep-Pak cartridge. The product was eluted from the cartridge using ethyl ether (2 mL) to obtain pure [
18 F]FBAMPy (13 -17 mCi; 30% ± 4% decay corrected; n = 3). The radiochemical purity of the product was determined to be ≥95%. The total time to complete the synthesis was 80 min.
Vial Synthesis of [ 18 F]FBAMPy
To anhydrous fluoride obtained as described in the previous section (~50 mCi) was added a solution of 2-bro-monicotinaldehyde (4 mg in 1 mL dry DMF) and heated in a sealed vial for 20 min at 160˚C. To the cooled reaction mixture was added a solution of 4 (10 mg in 0.5 mL of methanol and 0.5 mL of 2N HCl) and stirred at 75˚C for 20 min. The pure product was isolated and characterized as described above to obtain in a 20% decay corrected yield. 18 F]FPyME. The synthesis was carried out in a micro-reactor as well as in a vial. The observed decay corrected yields were 30% ± 4% and 20% respectively with a radiochemical purity of ≥95%.
Conclusion

